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Fig. 1. The #2-mm-diameter cylindrical heat flux sensors.
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IR S 7 S kB 6.0, PR B IEBUH 3.3 x
107/m, A 87 K, KW HiIE 4478 Pa, ik
JE 1133 m/s, BRI -0,

3 M PR RS

KA B I i T 61 AR (JEIUIAE) K
A MBS IR R 1SR O 2R R BE TG, [ 5 44
TAIEO T s [WEE CFD 18 T 220
LR T AR NG AR, &l 5 i s
Bz, X F G N, 78 2 =~ 340 mm Z A, 5
AR AT AR R - 22, 456 )2 T R 3 A
TE, SEFRARETH CFD 345 R N4
TE z =~ 340 mm Z 5, MASA I B 4, 8
TAHTE © ~ 340 mm ZbTFURFEHR, B a) i Ttk
AV, (BT — D s AT A S8 B R X T
M 1 T, RG2S R TR, Ol FZE M
z =~ 150 mm Kb IF 4R e (MRS DR T © =
110 mm), PG 455 8 T 2 T g SRk 3Lk
] i it 1A 25 R AL GEIE, 7E ¢ ~ 200 mm 4b
SERMFER. X T MAE 2 T, i RRERIT LR &
REAFERTEVIAE T WS — AN 5 AL (2 = 130 mm),
FERSEINAT BAE 2 ~ 180 mm. XF T UIA# 3(5 mm)
T, 3R L TR T i A — N (2 =
120 mm) %ﬁﬁ%ﬁ, FEARSERN NI ETE ¢ =~ 180 mm.

MEIHRAT LA Y, MAETE 2 =~ 120300 mm
TN, BEE VTR RT3, R T rhoc 22 0

024703-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 69, No. 2 (2020) 024703

IR BRBERE K (HAE 2 > 300 mm Z )5, A
e RS MRS S M 1 1) OB st s T —3%, 43
ikl z > 300 mm XIS 71 5t 2 56 A5 R il i
T R, HRi C 2 A Z MR sl 5
M. D] A MG T 0 RAGOAE 1 S ikl 3 P S DX, G
—J& z = 120—300 mm YE@W, [ 4 8155 50
FZTFIRIEAR, DR TF I TR, AN R FLAS
RO M P 2l i B8 22 S 2% R B 22 57 HL
J& 1 > 300 mm X, 1 FZE5E e RN R 2
J& , MUREHIE Bl 1% 52 e A T] LA Z 8 AT T, AN 6] RS
RTINS 1 PO 2 ARG T — 2, ARG
Bl F 2R S BB SRS, X 5
Z R MRS TR AR T B 4518 — 3L

150

FHRGLESR

(U141 (2.50 mm)iREZE R
[142(3.75 mm ) iRBZE5
[IH3(5.00 mm )iRERZ: F
14 (2.50 mmilkiR ) IRg2E R
— FHRZ TSR

90 — PRI AR

120

¢4dpon

q/kW-m~—2

60

30

0

0 100 200 300 400

Pl 5 SFAR O 2 BRI e 45 2R 5 R AE R
Fig. 5. The heat flux measurement and CFD results of the
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024703-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 69, No. 2 (2020) 024703

FHURTRRIE, IS BOA R RFRIEIR . e P
55 it 2 WILER 0 S 2 A o v R P A s 5 il
DA e A e S o X J2 3 A B A H R e
T G EAR U AL

AR YA IR SO P A L 1] B S 100 mm
WS, SPECFR DG R R AR R A A, it
T B RAWETE . 18 8 FHE 9 235l th 1T MY 1
AN 4 OB A e DS B A P, A
K9 FTLLE H, BRIV 4 ihintfLAA7E I A E Al
UL, NI 4 FpC X FR T (3 AR MU B R 5
JZ2, AR T MRS 1(1E] 8) Tl kvl LTI A 21k,
(IS 4 rpoC XA i o7 B A 1 572 A 52 2 AL
TR FEIE . XRS5 SR A RS L, REUERA
T FL U T SRR i 2 LRSI, XS
PRIAL 52 TSSO 22 32 B

Tiota/K 300 360 420 480 540 600 660

Pl 8 MU 1 s Xof ik i il 43 A el
Fig. 8. Total temperature distribution of the symmetry

plane of Groove 1.

Trotal/K 300

360 420 480 540 600 660

Pl O I 4 et Xob B T B 43 A P
Fig. 9. Total temperature distribution of the symmetry

plane of Groove 4.

P10 25 1 7 [UIAE 4 R o -FL R 1o ) TR A 1) 3
FEor A, n] LI, i T ML B, £ M
R A A AR 1) YL L AR 1] D0 50, (VAR 1) U Bk

JEA . WIRERET R, A5 I n] RE AL 1 26 [T HY
PR Sl T 4 A IR 1 AYSEIR T
BRACR. MRS R s A 4 RO
PR TC I i 2GR REAAR 2, XS ph Tl
VLA BCR 5 B A 4 P93I 1] S sh % 1 1M
R R BRI S, i R—Rh I, HATARES:
IR S, T Bt — IR AR

[CTT T [ mm
40 v

60 80 100

v/m-s~t 0 20

B 10 o= 110 mm F % [ 2 53 A
Fig. 10. Transverse velocity distribution of the profile z =
110 mm.

5 PRI R RRALE 0 oA

R LST 430 196 PA (TCINTRE) 1 520
R HEARPAE. 25 LB 0T ZAF T, LST bk
RIATLE S — B, 7€ 2 = 280 mm 5 iR
HBLEE RS RS AR A K B LN, 55
MRS Fa M i Rk NHZY 0.18, RIS AL
S RE R I K2 0.4 %, AATREiZARASIE &
BEAR AR 0T AR 1457 A i 36 vt i S oA XU 1)
ARG, —ACTSRMET, A g A B 5 Rl
B B — RS B RS AR R I, L b, A
FEHTZ% 1000 mm 1 T A &I T 5 ZHRE KRR
X, Al 11 . (R0 A b O 3401
BRI EAR IS, BEARTE © = 400 mm 4bE

1.7
1.6
1.5
3 14¢
Measured transition zone
1.3
Unstable zone
r'e
1.2}
1.1 Stable zone

1.0

0 200 400 600 800 1000
T

K11 4B A2 S RS A RE X
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Fig. 12. Dependence of the optimal energy gain on the com-
putational domain for fixed inlet location (a) and outlet lo-
cation (b).
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Abstract

Experiments are carried out on the #2 m Shock Tunnel (FD-14A) at the China Aerodynamics Research
and Development Center to study the effect of the transverse groove with/without discharge hole on the
hypersonic blunt flat-plate boundary layer transition, and the preliminary computational and theoretical
research are carried out. The inflow Mach number of the test is 6, the unit Reynolds number is 3.3 x 107/m,
the leading edge radius of the flat-plate is 1 mm, and the angle of attack is —4°. Three different sets of two-
dimensional transverse grooves are arranged at 110 mm away from the leading edge of the flat-plate. The width
and depth of the grooves are, respectively, 2.5 mm and 1 mm for groove 1, 3.75 mm and 1.5 mm for groove 2,
and 5 mm and 2 mm for groove 3, at the same time, both ends of the groove 1 can open the discharge hole (the
discharge hole has a size of 2.5 mm x 5.0 mm and a width the same as that of groove 1). The discharge hole is
denoted as the groove 4, and the smooth flat-plate when the groove is not included is denoted as groove 5 or the
flat. The @#2-mm-diameter cylindrical heat flux sensor is used to measure the heat flux distributions of the
center line of the flat-plate under different conditions, and thus we can judge the transition of the boundary
layer. The measurement results show that the smooth plate starts to transit at = 340 mm, and the transition
is nearly completed at = =~ 425 mm. The groove causes the transition position of the boundary layer of the
plate to advance, and as the width and depth of the groove increase, the promoting effect on the transition is
enhanced, and the transition position moves upstream. After the groove 1 is added to the discharge hole (groove
4), the heat flux distribution and the transition position are substantially the same as those of the smooth plate.
After the boundary layer flow completely transits into turbulent flow, the difference in heat flux for each case is
small, which indicates that the grooves of different specifications affect only the heat flux distribution in the
transition process, but have little effect on the heat flux of the turbulent wall after the transition. The
computational fluid dynamic results show that the discharge holes cause passive suction, and the test results
show that the suction effect of the discharge holes at both ends of the groove counteracts the effect of the
groove on the transition of the center line boundary layer, but it may be just a coincidence, and further research
is needed. The linear stability theory (LST) and the optimal perturbation method are used to analyze the flow
instability mechanism of the smooth blunt plate. The LST results show that there is no first mode instability
nor second mode instability in the blunt plate flow. The modal instability mechanism cannot explain the
observed transition in the test. The optimal disturbance calculation shows that the blunt plate flow suffers
strong non-modal instability, which can qualitatively explain the observed transition phenomenon.
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